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We study the physics potential of the 8TeV LHC (LHC-8) to discover signals of extended
gauge models or extra dimensional models whose low energy behavior is well represented
by an SU(2)2 ⊗ U(1) electroweak gauge structure. We find that with a combined inte-
grated luminosity of 40 fb−1, the first new Kaluza-Klein mode of the W gauge boson can
be discovered up to a mass of about 400GeV, when produced in association with a Z
boson.
1. Introduction
The ATLAS and CMS experiments at the LHC have now each collected over 20 fb−1
of data at an 8TeV collision energy. These data will enable the LHC to make incisive
tests of the predictions of many competing models of the origin of electroweak
symmetry breaking (EWSB), from the Standard Model (SM) with a single Higgs
boson, to models with multiple Higgs bosons, and to so-called Higgsless models of
the EWSB. The Higgsless models2 contain new spin-1 gauge bosons which play
a key role in EWSB by delaying unitarity violation of longitudinal weak boson
scattering up to a higher ultraviolet (UV) scale.3 Very recently, the effective UV
completion of the minimal three-site Higgsless model4 was presented and studied
in5 which showed that the latest LHC signals of a Higgs-like state with mass around
125 − 126GeV6 can be readily explained, in addition to the signals of new spin-1
gauge bosons studied in the present paper.
∗This contribution is an abbrievated version of ref.1
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Fig. 1. Moose diagram of the minimal linear moose model (MLMM) with the gauge structure
SU(2)0 × SU(2)1 × U(1)2 as well as two independent link fields Φ1 and Φ2 for spontaneous
symmetry breaking. The relevant parameter space of phenomenological interest is where the gauge
couplings obey g, g′ ≪ g˜ .
In this talk, we explore the physics potential of the LHC-8 to discover a rela-
tively light fermiophobic electroweak gauge boson W1 with mass 250− 400GeV, as
predicted by the minimal three-site moose model 4 and its UV completion .5 Being
fermiophobic or nearly so, the W1 state is allowed to be fairly light. More specifi-
cally, the 5d models that incorporate ideally7 delocalized fermions,8,9 in which the
ordinary fermions propagate appropriately in the compactified extra dimension (or
in deconstructed language, derive their weak properties from more than one SU(2)
group in the extended electroweak sector10,11), yield phenomenologically acceptable
values for all Z-pole observables.4 In this case, the leading deviations from the SM
appear in multi-gauge-boson couplings, rather than the oblique parameters S and
T . Ref. 12 demonstrates that the LEP-II constraints on the strength of the coupling
of the Z0-W0-W0 vertex allow a W1 mass as light as 250GeV, where W0 and Z0
refer to the usual electroweak gauge bosons.
2. The Model
We study the minimal deconstructed moose model at LHC-8 in a limit where its
gauge sector is equivalent to the “three site model”4 or its UV completed “mini-
mal linear moose model” (MLMM) .5 Both the three site model and the MLMM
are based on the gauge group SU(2)0 ⊗ SU(2)1 ⊗ U(1)2, as depicted by Fig. 1 and
its gauge sector is the same as that of the BESS models14,15 or the hidden local
symmetry model.16–20 The extended electroweak symmetry spontaneously breaks
to electromagnetism when the distinct Higgs link-fields Φ1 connecting SU(2)0 to
SU(2)1 and Φ2 connecting SU(2)1 to U(1)2 acquire vacuum expectation values
(VEVs) f1 and f2 . The weak scale v ≃ 246GeV is related to those VEVs via
v−2 = f−21 + f
−2
2 and, for illustration, we take f1 = f2 =
√
2v . Below the symme-
try breaking scale, the gauge boson spectrum includes an extra set of weak bosons
(W1, Z1), in addition to the standard-model-like weak bosons (W0, Z0) and the
photon. Furthermore, the scalar sector of the MLMM 5 contains two neutral phys-
ical Higgs bosons (h0, H0), as well as the six would-be Goldstones eaten by the
corresponding gauge bosons (W0, Z0) and (W1, Z1).
One distinctive feature of the MLMM is that the unitarity of high-energy lon-
gitudinal weak boson scattering is maintained jointly by the exchange of both the
new spin-1 weak bosons and the spin-0 Higgs bosons.5 This differs from either the
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SM (in which unitarity of longitudinal weak boson scattering is ensured by the ex-
change of the Higgs boson alone) 21 or the conventional Higgsless models (in which
unitarity of longitudinal weak boson scattering is ensured by the exchange of spin-1
new gauge bosons alone) .3 It has been shown12 that the scattering amplitudes in
such highly deconstructed models with only three sites can accurately reproduce
many aspects of the low-energy behavior of 5d continuum theories.
The unitarity of the generic longitudinal scattering amplitude of WL0 W
L
0 →
WL0 W
L
0 , in the presence of any numbers of spin-1 new gauge bosons Vk (=Wk, Zk)
and spin-0 Higgs bosons hk, was recently studied in Ref.
5 For the MLMM, tree-level
unitarity implies sum rule,5
G4W0 −
3M2Z0
4M2W0
G2W0W0Z0 =
3M2Z1
4M2W0
G2W0W0Z1 +
G2W0W0h+G
2
W0W0H
4M2W0
, (1)
where the symbols (h, H) denote the two mass-eigenstate Higgs bosons. The sum
rule illustrates how exchanging both the new spin-1 weak bosons W1/Z1 and the
spin-0 Higgs bosons h/H is required to ensure the unitarity of longitudinal weak
boson scattering in the MLMM.5a
3. Analysis of W±
1
Detection at the LHC-8
Extrapolating from our previous work13 at a 14 TeV LHC, we have found that the
best process for detecting W1 at LHC-8 is associated production, pp → W1Z0 →
W0Z0Z0 → jjℓ+ℓ−ℓ+ℓ−, where we select the W0 decays into dijets and the Z0
decays into electron or muon pairs.
We have systematically computed all the major SM backgrounds for the jj4ℓ
final state, including the irreducible backgrounds pp → W0Z0Z0 → jj4ℓ (jj =
qq′) without the contribution of W1, as well as the reducible backgrounds pp →
ggZ0Z0 → jj4ℓ , pp → Z0Z0Z0 → jj4ℓ , and the SM pp → jj4ℓ other than the
above reducible backgrounds.
We performed parton level calculations at tree-level using two different meth-
ods and two different gauges to check the consistency. In one calculation, we used
the helicity amplitude approach24 to generate the signal and backgrounds. We also
calculated both the signal and background using CalcHEP.27,28 For the signal cal-
culation in CalcHEP, we used FeynRules22 to implement the minimal Higgsless
model.23 We found satisfactory agreement between these two approaches and be-
tween both unitary and ’tHooft-Feynman gauge. We used a scale of
√
sˆ for the
strong coupling in the backgrounds and
√
sˆ/2 for the CTEQ6L25 parton distri-
bution functions. We included both the first and second generation quarks in the
protons and jets, and both electrons and muons in the final-state leptons.
aWe also note that the hWW and hZZ couplings are generally suppressed 5 relative to the SM
values because of the VEV ratio f
2
/f
1
= O(1) and the h−H mixing.
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Fig. 2. Predicted signal cross section for pp → W1Z0 → W0Z0Z0 → jj4ℓ as a function of the
W
1
mass in the MLMM after all cuts at the LHC-8.
In our calculations, we impose basic acceptance cuts,
pTℓ > 10GeV, |ηℓ| < 2.5 ,
pTj > 15GeV, |ηj | < 4.5 , (2)
and also a reconstruction cut for identifying W0 bosons that decay to dijets,
Mjj = 80± 15GeV . (3)
We further analyzed the distributions of the dijet opening-angle ∆R(jj) in the
decays of W0 → jj for both the signal and SM background events. We find that the
signal events are peaked in the small opening-angle region around ∆R(jj) ∼ 0.6 ,
while the SM backgrounds tend to populate the range of larger opening angles, with
a broad bump around ∆R(jj) = 1.5− 3.3 . In order to sufficiently suppress the SM
backgrounds, we find the following opening-angle cutb to be very effective,26
∆R(jj) < 1.6 . (4)
At the LHC-8, we note that the above cut reduces the signal events by only 10−15%,
but removes about 72− 80% of the SM backgrounds.
In Fig. 2, we display the predicted total signal cross section for the process
pp→W0Z0Z0 → jj4ℓ after all cuts at the LHC-8 have been imposed; this is shown
as a function of the W1 mass for the range 250− 400GeV.c
In Fig. 3, we display the required integrated luminosities for detecting the W±1
signal at the 3σ and 5σ levels as a function of theW±1 massMW1 . We see the LHC-8
should be able to observe the W±1 gauge bosons of the minimal linear moose model
studied up to masses of order 400 GeV. We look forward to seeing the results.
bThese are somewhat weaker than the cut of ∆R(jj) < 1.5 imposed in.13
cHere, we define the signal region to include all events satisfying the condition,M(Z0jj) = MW1±
20GeV .
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Fig. 3. Integrated luminosities required for detection of new W±
1
gauge bosons at the 3σ level
in the MLMM (lower blue curve), and at the 5σ level (upper red curve) as a function of the W
1
mass, at the LHC-8.
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